Plant Production as a Measure of Environzment
instruments, effects that produce changes in vegetation must be determined by the living organism, the plant.
The investigations here reported in part only were made in an attempt to analyse the intricate relations between plant and habitat with the hope of determnining more exactly the effect of varying amounts of factors upon plant response. Individual plant responses such as transpiration, photosynthesis, etc., are not recorded here' but rather the integration and summation of these responses as determined by growth of both native and cultivated plants. It was discovered early in these investigations that the water relations of soil and air were the controlling factors, all others being of secondary importance. The critical nature of this one factor-complex permits of a clear correlation between plant production and environment.
LOCATION AND DESCRIPTION OF STATIONS.
In the beginning of this study, stations were carefully chosen to represent typical conditions in each of the three climax grassland communities occurring in the vast area between the Missouri River and the Rocky Mountains. Lincoln, in eastern Nebraska, was selected as representative of true prairie conditions, Phillipsburg, in north-central Kansas of mixed prairie, while Burlington, in eastern Colorado, was chosen in the short-grass plains. Phillipsburg lies about 190 miles south-west of Lincoln, and Burlington, 10 miles west of the Kansas-Colorado state line, about 180 miles further west and south (Fig. 1) . The altitude at the several stations varies from 1100 feet at Lincoln to 1900 at Phillipsburg and 4160 feet at Burlington. Precipitation, the chief factor in determining the type of vegetation, varies from 28 to 23 and 17 inches at the several stations respectively, decreasing westward.
Two stations at which factors were measured were maintained at Lincoln. One was located on the high prairie on a rather flat hill top about 60 feet above the general level of the flood plain of Salt Creek and about two miles north of the city. The fertile soil is of the type commonly called loess, but it is much confounded with glacial drift. It is a silt-loam belonging to the Marshall series with a moisture equivalent of about 30 per cent. and a maximum water-capacity of 60 to 70 per cent. The low prairie station was located on a level tract at the foot of the hill only a quarter of a mile southward. The soil is a fertile dark-coloured silt loam of the Wabash series. Mechanical and chemical analyses taken from cropped plats adjacent to the two grassland areas respectively represent fairly well their salient characteristics. An examination of Table 1 shows that both soils are fine textured, being composed mostly of silt and clay. Table 2 gives the chemical composition of representative composite samples of soil at the various depths from the two areas. These data show that the soils at the two stations are not strikingly different. It may be noted that the lime content is about the same in both fields. Both soils (which had been cropped for many years) showed medium acidity in the first foot, slight in the second, very slight in the third, while the fourth foot gave no acidity but was slightly carbonaceous. However, in the grassland the soils were free from acid at both stations and at all depths.
Owing to the higher humus content of the lowland soils, coupled with a more abundant water supply, the yield of both native and cultivated crops was much greater than on the upland.
Water-content determinations throughout a long series of years show that the subsoil of the high prairie is usually moist to great depths, although at (Weaver and Thiel, 1917) . Many species of Solidago, Aster, Liatris, Helianthus, Kuhnia, etc., constitute the major part of the autumnal societies. Thus, the vegetation at the true prairie station is kaleidoscopic in seasonal appearance. An average height level of grasses of 6 inches and an upper story of herbs at 15 to 22 inches occurs by June 1, although the flower stalks of Stipa and later blooming grasses and herbs are 2-5 to 3-5 feet tall (P1. I a).
The low prairie area is dominated by a few species less xerophytic than those occurring on the high prairie. Many of the species of high prairie are absent, but are replaced in part by others of a more mesophytic kind. The dominant grasses are Andropogon furcatus, Panicum virgatum, Andropogon nutans and Spartina cynosurotdes, each of which often covers small areas with a pure or nearly pure growth. Poa pratensis is also very important, but is exceeded by the taller grasses which reach a height of 5 or 6 feet (P1. I b). It has a water-holding capacity of 65 to 70 per cent. to a depth of 4 feet. At a depth of 2 to 2-5 feet it is underlaid with a so-called hardpan. Soil analyses show that the concentration of colloidal clay and carbonates in the subsoil is sufficient to give rise to a hardpan, i.e. a much more compact stratum of soil relative to that above or below it, upon its becoming completely dried out ). An examination of Table 3 shows that silt constitutes about one-third of the soil at all depths, while the sand decreases and the clay increases in amount to 4 feet. Chemical analyses show that carbonates are practically absent in the surface soil, but increase rapidly with depth, and in the hardpan layer, which appears somewhat chalky in colour, they often reach concentrations of 5 or 6 per cent. Table 4 shows that the soils are not acid, the carbon dioxide increasing very rapidly with depth and being very high at 2 to 4 feet. These In this hard fine-textured soil water penetrates very slowly and run-off is usually high. Shantz (1911) has shown that the average run-of[ from the short-grass sod at five stations in this region was 37 per cent. of the total rainfall, while the maximum run-off reached 55 per cent. Thus, the actual precipitation (17 inches) tells little of the efficient rainfall. After heavy rains three days were required for the water to penetrate to a depth greater than 6 inches. The excellent root development of native plants in the surface 1.5 to 2-5 feet of soil fits them to absorb water readily, and thus helps to prevent deep water penetration.
Determinations of water-content throughout a series of years (1920) (1921) (1922) (1923) show that the soil is seldom moist below two feet, while regularly by midsummer the holard above this level is frequently reduced to the hygroscopic coefficient. Then the short-grass cover dries out and "cures" on the ground.
Closed mats of Bulbilis dactyloides, usually mixed with Bouteloua gracilis, make up fully 90 per cent. of the vegetation, forming a carpet seldom over 4 inches deep, exclusive of flower stalks (P]. II b). These grasses with their widely spreading roots occupy the soil so thoroughly that relatively few important subdominants are present. Most conspicuous among these, and increasing in abundance where overgrazing has occurred, are Aristida purpurea, Opuntia camanchica, 0. fragilis, 0. polyacantha, Festuca octoflora, Plantago purshii and Schedonnardus paniculatus. Erysimum asperum and Psoralea tenuiflora are often abundant.
Small, poorly developed societies of Asttagalus crassicarpus, Malvastrum coccineum and Ratibida columnaris are infrequent. Agropyrum glaucum under the severe competition with the short-grasses is dwarfed in habit and forms flower stalks sparingly. Decreased size, vigour and number are evident among most of the above species when compared with their growth in more favourable habitats.
Plant Production as a Jeasure of Environment
While some of the species of the meagre flora are rooted entirely in surface soils, others, especially the dominant grasses and the legumes, reach depths of 4 feet or more. However, when compared with the great depth reached by species in the moist subsoil of the true prairie, even these are relatively shallow.
COMPARISON OF ENVIRONMENTS.
A glance at the distribution of the mean annual precipitation (Fig. 2 distributed through the year. Moreover, the type of rainfall is quite similar throughout, consisting usually of heavy showers, often of rather short duration. This, however, is more marked upon the high plains than eastward where the rains are more general. At all stations it results in much run-off, but this is particularly heavy in the compact soil at Burlington. Moreover, westward, relatively more of the precipitation falls in light showers of *20 inch or less, which are of practically no value in increasing the holard. At each station, the holard has, in general, been very similar at any particular time during the three seasons (1920-22), and the comparison of a single season's data will suffice here (Table 5 ).
An examination of the table shows that at all times at Lincoln a sufficient amount of water was available at all depths to promote good growth. At the mixed-prairie station July and early August were periods of drought and, at times, of actual deficiency. The holard at Burlington was favourable until 
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June, but after this time marked deficiencies were of frequent occurrence. However, the value of water-content to the plant is not determined entirely by its quantity, but largely also by its rate of dissipation both through the plant and by surface evaporation. These in turn are controlled by humidity as affected by temperature, wind, etc., all of which are more or less perfectly integrated in the evaporating power of the air. Because of differences in elevation, which more than offset those of latitude, spring usually opens about 7 to 10 days later at Phillipsburg, and 18-23 days later at Burlington than at Lincoln. These stations are 800 and 3000 feet higher respectively, than Lincoln. The average daily air temperature1 for 1920 (which is in general agreement with that of other seasons) is given in Fig. 3 . The air was usually 50 to 70 F. colder at Burlington than at Phillipsburg, while at Lincoln it was generally warmer than that at Phillipsburg. Moreover the average day air temperatures were highest at Lincoln and lowest at Burlington, and this same general relation held for average night temperatures. Night temperatu-res at Burlington varied from 450 to 67? F. Such low temperatures, while unfavourable for growth, have a profound effect upon humidity, which factor, with the holard, is of paramount importance, diff erences of temperatures as such probably having little effect upon the type of grassland.
The average daily soil temperatures at a depth of 6 inches are given in The evaporating power of the air, which integrates, to a certain degree, the factors of radiant energy, humidity, and wind movement, was greatest throughout the season of 1920 at Burlington (23 to 60 c.c. average daily evaporation from white cylindrical, non-absorbing atmometers), intermediate at Phillipsburg (11 to 32 c.c.) , and least at Lincoln (9 to 25 c.c.). Cf. Fig. 6 . Similar constant differences of evaporation rates were obtained the following seasons.
Thus, the conditions for plant-growth as regards rainfall, holard, temperature, humidity, wind, and evaporation are normally most favourable at Lincoln, intermediate at Phillipsburg, and least favourable at Burlington. These conditions are indicated by the native vegetation and borne out by the growth of both native and cultivated plants.
June
July August The methods employed were to select a large number of metre-quadrats in typical undisturbed areas in the climax vegetation. The height and density of the vegetation, the abundance of dominant and subdominant species, etc., were recorded, and photographs were made of representative quadrabs. The vegetation was then removed by cutting it near the surface of the soil with a hand clipper, after which it was collected, shipped to the laboratories of the University of Nebraska where it was thoroughly air dried, and the plant production determined on the basis of dry weight. Thus the growth of vegetation as a unit as well as the comparative importance of the dominants in the various associations, was determined.
Complete data on the earlier cuttings in 1920 are given in Tables 6, 7 and 8 (cf. also Pls. III and IV). An examination of the tables shows that rather wide differences occur in productiveness of the surface cover in the same area and representative conditions are to be secured only by the use of a large number of carefully selected quadrats. The obtaining of reliable results by this method, as in similar ecological studies, assumes a thorough knowledge of the plant communities rather than random selection on the part of the investigator. However, the markedly higher yields of the different types of vegetation (viz. short-grasses, mixed tall-and short-grasses, etc.) with an increase in soil moisture is at once apparent. The short-grasses at Burlington (quadrats 1-16) averaged 103 grams per square metre; those at Phillipsburg (quadrats 1-6) 290 grams. Wheat-grass (Agropyrum glaucum) at Burlington, which here occurs most abundantly in areas where the short-grass sod has been broken or otherwise disturbed, yielded 398 grams per square metre while at Phillipsburg the yield was 480 grams. Mixed short-and tall-grasses yielded 244 grams per square metre at Burlington, and 470 grams at Phillipsburg. The mixed prairie at Phillipsburg gave a total yield of 439 grams per square metre, true prairie at Lincoln averaged 452 gramns. The careful selection of the quadrats is of great importance. The average yield at Phillipsburg (439 grams) exceeded that from the hilltops at Lincoln (361 grams) or even the slopes (429 grams) at this time (July 9), but did not equal that of the lowland which was 564 grams. However, an examination of the factor data shows that late summer drought usually prevails at the western stations and good plant growth is not maintained (Table 5 ). This fact is nicely illustrated by a second series of quadrats cut August 16-24.
The average yield at Burlington (August 24) was 196 grams (more mixed short-and tall-grass quadrats being included than before), at Phillipsburg only 310 grams, while at Lincoln it was 465 grams.
Adding the 50 quadrats taken at each station during the season, the average total native plant production, proceeding from the drier western station eastward, was 183, 378 and 458 grams respectively.
Crops of oats (Avena sativa), spring wheat (Triticum aestivum), barley (Hordeum vulgare), alfalfa (Medicago sativa) and white sweet-clover (Melilotus alba) were also grown in plats adjoining the several grassland stations. Each kind of crop was planted from the same lot of seed and grown under conditions of farm practice common to the several localities respectively.
The relative height of the mature oats and wheat at the several stations is shown in P1. V as well as the comparative yield from an average square metre. A statement of the height and yield of the cereals (total dry weight of tops) is given in Table 9 . The yield is the average of 25-30 metre quadrats taken when the grain was ripe from each of the several plats at the three stations respectively. All of the crops were assembled in the botanical laboratories of the University of Nebraska and thoroughly air dried before A study of the table shows that the crops are progressively shorter from Lincoln westward and that the average yield is also less.
Four hundred alfalfa plants of average size were carefully selected at each of the stations, cut at the ground line, thoroughly air-dried in the laboratory at Lincoln, and the dry weight ascertained. This was done during July and again in August. The sweet clover was similarly treated, only in this case 300 plants were used (Table 10) . These data show that, as with cereal crops, both height growth and dry weight correlate directly with available water-content, which is greatest at Lincoln and least at Burlington.
Plant Production as a Mleasure of Environment EXPERIMENTS DURING 1921. ENVIRONMENTAL CONDITIONS.
The season of 1921 at Lincoln was quite favourable as to precipitation. Rainfall for April, June and July was slightly above normal while August was slightly below normal as was May also (Fig. 7 ). An examination of the records shows that the showers were exceptionally well distributed, no marked drought periods occurring, and at no time did the vegetation become dry or brown even on the driest ridges.
At Phillipsburg an excess of 014, 0-98, and 1-30 inches rain fell during April, May and June respectively. The July precipitation was slightly above normal and that of August and September slightly below (Fig. 8) . A drought period occurred between June 9 and 28, during which time no efficient moisture fell. At Burlington the precipitation for April was nearly twice normal (and 0-86 inch more than at Lincoln). May fell 0-91 inch below normal; June was somewhat above (0.58 inch); July had less than half the usual amount (only 1-15 inches), August had an excess of 1419 inches, but September a deficit of more than one-half the normal (Fig. 9) . No efficient rainfall occurred (i.e. showers of over 0-15 inch) between March 7 and April 15, April 17 and May 19, June 23 and July 4, and July 8 and August 7. By July 24 the short-grasses were about half dried and brown, while two weeks later not only the grama and buffalo grasses were curled and brown, but the wheat-grass heads were dry as well.
These conditions are reflected in the holard at the several stations (Table 11) . At Lincoln a margin of 5 per cent. or more (usually 8 or 10) existed at all times and at all depths to 4 feet. At Phillipsburg the echard was approached once in July and twice in August, actually reaching the danger mark to a depth of 4 feet late in that month. Conditions at Burlington were, as usual, much worse. At no time was water available in the third or fourth foot, while after June 30 it was depleted repeatedly above the hardpan (at about 2 feet).
The average daily evaporation at the several stations is shown in Fig. 10 . The rather uniform rates at Lincoln (8 to 27 c.c. average daily) as compared with the erratic and excessively high ones at Burlington (18 to 62 c.c.) emphasize the precarious conditions for plant growth at the latter station. Conditions at Phi]lipsburg were intermediate (8 to 43 c.c.) .
A complete record of humidity was not obtained, but a comparison of the average daily humidity at Lincoln and Burlington at the several intervals shows that without exception the air during the day at Burlington was 10 and often 30 per cent. less humid than at Lincoln. Owing to the lower night temperatures at Burlington (altitude 4160 feet) the humidity at this less critical period averaged only slightly lower than at the true prairie station.
The average daily air temperatures are shown in Fig. 11 . In general they are lowest at Burlington, while those at Phillipsburg, after the third week in 
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June, were somewhat higher than those at Lincoln. During May and most of June the day temperatures were highest at Lincoln and lowest at Burlington. After July 1 this condition was in most instances reversed. However, the night temperatures throughout the season were distinctly lower at Burlington by 5? to 100 F., those at the other stations being very similar. Soil temperatures at the several stations at a depth of 3 inches until the second week in June, and at 18 inches depth thereafter are given in Fig. 12 . At the shallower depth the soil at Burlington was invariably colder than that at Phillipsburg (record from Lincohn missing). Later in the season soil temperatures correlated with soil moisture, those westward from Lincoln be-'coming progressively drier and warmer. A series of soil temperature readings in cropped areas (oat fields) at the several stations to depths of 4 feet is of interest here (Table 12 ). Crops of the smaller cereals were again grown in 1921 under conditions similar to those already described for 1920. The yield of these crops during 1921 is shown in Table 13 . An examination of Table 13 The season of 1922 at Lincoln was much less favourable as regards precipitation than that of 1921. Rainfall during April, May, and especially June was far below the normal (Fig. 7) . July gave an excess of nearly 2-5 inches but a severe drought occurred during August when only 07 of the normal 3*7 inches of precipitation fell. The vegetation showed by partial wilting and early browning the lack of sufficient water for normal development.
At the mixed prairie station drought conditions prevailed as early as June which month had 2*4 inches less than the normal rainfall (Fig. 8) . The July precipitation was also below normal as well as that of August. The precipitation at Burlington was above normal during May, considerably above during June and August but somewhat below during the July drought. However, frequent periods of 7 to 14 or more days duration occurred when no available water fell.
Soil moisture conditions are shown in Table 14 . Notwithstanding the late summer drought a margin of at least 5 per cent. available water was found at all depths to which samples were taken at Lincoln (except on June 22 and August 17 and 24) while 10 per cent. or more was usual at the low prairie station. In the mixed prairie a period when little or no water was available occurred in June, and this condition was rather constant from the middle of July until fall. Data from Burlington show, as usual, rather continuous drought conditions after the middle of June, broken only occasionally by available water in the surface soil.
The evaporating power of the air at the several stations is shown in Fig. 13 . The more xerophytic conditions on the great plains as contrasted with the more humid air of the true prairie are again pronounced. At all stations the rates were high in June and again in August. In general, evaporation was greater at Lincoln than during 1921 (Fig. 10) but considerably less at Burlington.
A comparison of the humidity records shows, as during previous seasons, that the air was much drier (often 10-30 per cent.) at Burlington during the day than at Lincoln, and also usually somewhat less humid at night. The average day and average night temperatures at the several stations are shown in Fig. 14. An outstanding feature of these graphs is the rather consistently lower night temperatures at Burlington, although the air in the mixed prairie was usually warmer than that at Lincoln. Marked differences in day temperatures are not apparent at the several stations, except during August, when the temperatures at Burlington were markedly lower than at either of the other stations. Soil temperatures are so similar to those of preceding years that these data need not be given. It seems clear however that such small differences in temperature would have little effect upon the growth of the native vegetation, water content being the controlling factor. Five fields of maize were selected as representative of conditions about each of the three stations respectively. All of these were within a radius of two miles of the stations at which soil moisture and other factor determinations were made. In all the fields the corn had been drilled in rows 3 5 feet apart. The average number of stalks in rows 100 feet long as well as the number of stalks bearing ears was determined at five or more places in each field. Ten stalks were then selected from various places in the field and the measurements recorded in Table 15 were made. The seventh leaf was selected for measurements of length and width. These measurements were all made from August 27 to September 2. Dry weather had caused the crop to ripen somewhat prematurely and considerably reduced the yield. In practically all the fields the husks were drying and the kernels were well dented. The leaves were from one-half to two-thirds dried, the lower ones especially being driest. After completing the measurements on each stalk, the ear was husked and -placed in a sack, ten ears being secured from each field. Finally a typical stalk, as determined by the measurements of the ten preceding, was selected, cut off at the ground line, cut into pieces and after removing the ear but not the husks was placed in another sack. These sacks were kept well ventilated and after all had become thoroughly air dried in a laboratory at the University of Nebraska the weight of their contents was ascertained.
An examination of Table 15 shows that the number of stalks in a row as well as the number of ears was greatest at Lincoln. Obviously the rate of planting at Burlington, which was only 10 per cent. less than at Lincoln, was too high for greatest production, competition for water being excessive, as is indicated by the low stature and yield of the crop. Better growth occurred at Phillipsburg, due undoubtedly in part to the lower rate of planting. Consistent and marked increases in height and diameter of stalk, height of ear, number and length of leaves, length and diameter of ear as well as dry weight of stalks and ears were found proceeding from west to east. However, little difference occurred in leaf width. These data are summarized in Table 16 where the several measurements at Lincoln are used to represent 100 per cent. From these data it may be seen that the maize plant integrates environmental differences as measured by instruments in quite the same way as cereals, legumes, or native vegetation.
SUMMARY OF EXPERIMENTS ON NATIVE VEGETATION.
A summary of the experiments with native vegetation is given in Table 17 . From these data, extending over a period of three years, some interesting conclusions may be drawn. In every case a certain grass or mixture of grasses yielded progressively more as the water-content of the soil increased, i.e. proceeding from the western stations eastward. The only exception is the case of buffalo grass at Lincoln in 1921, and this has already been explained as an effect of grazing. Moreover, the averages for each year at the several stations show a graduated series, plant production increasing with increased efficient rainfall. However, it may be readily seen that the total yield at all of the stations was greater in 1921 than during the preceding or following year. The increases of 1921 over 1920 are particularly noticeable in the development of the late maturing tall-grasses. The yield in 1922 was less in every case than in 1921. A comparison of the available soil moisture gives the explanation for the cause of the differences. At each station all of the important aerial and edaphic ecological factors such as rainfall, water and nutrient content of soil, humidity, evaporating power of the air, soil and air temperature, and wind movement were measured and compared during three growing seasons. Plant production of native grasses and the smaller cereal crops was determined by means of the employment of a large number of cut metre quadrats. The relative production of certain legumes and maize was also ascertained.
It was early determined that the water relations of soil and air were controlling, other factors being merely contributory. The yield of pure stands of short-grasses (Bulbilis dactyloides and Bouteloua gracilis), wheat-grass (Agropyrum glaucum), mixed short-and tall-grasses, and mixed tall-grasses was found to decrease from the true prairie through mixed prairie to shortgrass plains directly in proportion to available water-content of soil and inversely proportional to the evaporating power of the air. The same relation was determined not only for the smaller cereals (oats, wheat and barley) but also for alfalfa and sweet clover as well as for maize. The plant yield at each station during different seasons also correlated well with the variations in fhe water relations. Since deficiencies in water-content were most marked late in the summer, the differences in plant production were often greatest in late maturing tall-grasses at the eastern stations. Thus native and crop plants are shown to integrate environmental conditions and to express them quantitatively in yield.
